To understand the moisture regime at the southern slopes of Mt. Kilimanjaro, we analysed the isotopic variability of oxygen (δ 18 O) and hydrogen (δD) of rainfall, throughfall, and fog from a total of 2,140 samples collected weekly over 2 years at 9 study sites along an elevation transect ranging from 950 to 3,880 m above sea level. Precipitation in the Kilimanjaro tropical rainforests consists of a combination of rainfall, throughfall, and fog. We defined local meteoric water lines for all 3 precipitation types individually and the overall precipitation, Froehlich, & Rozanski, 2000; Cappa, Hendricks, DePaolo, & Cohen, 2003; Dansgaard, 1964; Gonfiantini, Roche, Olivry, Fontes, & Zuppi, 2001 ). The global meteoric water line (GMWL) describes the global mean relationship between δD and δ
gated the precipitation-type-specific stable isotope composition and analysed the effects of amount, altitude, and temperature. Aggregated annual mean values revealed isotope composition of rainfall as most depleted and fog water as most enriched in heavy isotopes at the highest elevation research site. We found an altitude effect of Water stable isotope analyses of precipitation, groundwater, and surface water are a powerful tool for characterization of regional moisture regimes and budgets. Understanding the driving factors of atmospheric water input is particularly important in densely populated regions such as the southern slopes of Mt. Kilimanjaro with the mountain functioning as a water tower (Viviroli, Dürr, Messerli, Meybeck, & Weingartner, 2007) supplying crucial amounts of water for domestic and agricultural uses. The stable isotope ratios of the water molecule, oxygen ( 18 O/ by evaporation as initially defined by Craig (1961) . Isotope ratios are altered by fractionation processes that occur during the initial formation of water vapour (evaporation), during transport, and during condensation processes. The main factors controlling isotopic composition of precipitation are temperature and progressive depletion of the heavier isotopes during rainout (Rayleigh fractionation), which were described in practice as (a) the temperature effect, (b) the altitude effect, (c) the amount effect, (d) the distance from the coast, and (e) the latitude effect (Dansgaard, 1964; Rozanski, Araguás-Araguás, & Gonfiantini, 1993) .
Numerous studies have shown that the main isotope effects in the tropics are the amount and altitude effects (e.g., Craig, 1961; Dansgaard, 1964; Gat, 1996; Gonfiantini et al., 2001; Rozanski et al., 1993) .
The isotope altitude effect is characterized by continuously decreasing isotope delta values of precipitation with increasing altitude. The inverse relationship between isotope delta values and elevation is primarily driven by temperature, with a progressive Rayleigh fractionation along the slope to a lesser extent (Clark & Fritz, 1997; Gat, 1996) . Poage and Chamberlain (2001) The amount effect describes an observed negative correlation between isotope values and rainfall amount (e.g., Dansgaard, 1964; Gonfiantini et al., 2001; Rozanski et al., 1993) . (Breitenbach et al., 2010) .
Besides rainfall, precipitation in montane forests also includes throughfall and fog. Scholl, Eugster, and Burkard (2011) have extensively reviewed stable isotope studies of fog. Generally, the isotope composition of fog is enriched in heavy isotopes compared to rainfall (cf. Figure 4 in Scholl et al., 2011) , especially if fog and rainfall are formed by different processes as, for example, coastal fog in temperate climates with large differences between the isotopic compositions of rain and fog (Dawson, 1998; Ingraham & Matthews, 1995) . Rainfall emerging from convection or frontal systems is more depleted in heavy stable isotopes compared to orographically formed fog (Scholl et al., 2011) ; however, the difference between isotope signature of fog and rainfall can be less pronounced in orographic clouds (Scholl, Giambelluca, Gingerich, Nullet, & Loope, 2007) .
Throughfall, defined as precipitation sampled under the vegetation canopy, is not only composed of precipitation that has been intercepted by the canopy and drips to the ground but can also include precipitation falling directly through canopy gaps without interception (Scholl et al., 2011) . Throughfall consists of rainfall and fog at this site.
Therefore, throughfall is considered to be more enriched in heavy stable isotopes than is rainfall (Allen, Keim, Barnard, McDonnell, & Brooks, 2017; Pichon, Travi, & Marc, 1996) but may be depleted in heavy isotopes relative to fog. Isotopic enrichment can occur due to evaporation during the storage of rainfall in the canopy before falling to the ground as throughfall. Furthermore, throughfall can contain cloud water (i.e., fog), which tends potentially to enrich isotope values. Nevertheless, some studies reported isotope compositions of throughfall are relatively depleted in heavy isotopes compared to rainfall (e.g., Kubota & Tsuboyama, 2004; Saxena, 1986) . Therefore, the sampling interval needs to be considered, as throughfall can also represent a mixture of precipitation events. Generally, isotopic differences between throughfall and rainfall are small if accumulated over extended periods across multiple events. Nevertheless, they can vary in magnitude for individual events due to, for example, exchange of temporally varying rainfall (Allen et al., 2017) .
Despite an increasing number of publications of stable isotopes in rainfall in the tropics, (e.g., Gonfiantini et al., 2001; Moerman et al., 2013; Pereira et al., 2014; Scholl & Murphy, 2014; Windhorst, Waltz, Timbe, Frede, & Breuer, 2013) , there is a substantial lack of stable isotope analysis of oxygen and hydrogen (a) in East Africa and (ii) in a differentiated analysis of precipitation, split into rainfall, throughfall, and fog.
Mt. Kilimanjaro, considered as the highest freestanding mountain on earth, offers unique possibilities to conduct studies of the isotope amount and altitude effects. Levin, Zipser, and Cerling (2009) elevation gradient between 4,600 and 5,700 m a.s.l. (Tongiorgi, 1970) .
In this study, we present a new isotope dataset based on a 2-year continuous collection of cumulative weekly precipitation. We sampled three different types of precipitation water, namely, rainfall, fog, and throughfall, along an elevation and disturbance gradient ranging from 950 to 3,880 m a.s.l. at the southern slopes of Mt. Kilimanjaro. The main aim of the study was to determine sources of atmospheric water input within seasonal cycles to understand better the water cycle and water availability for both the ecosystems and human population of the Kilimanjaro region and for tropical rainforest environments in general. Due to variability in their condensation histories, different kinds of precipitation (e.g., orographic vs. frontal or deep convective systems) can reveal different stable isotope compositions (Scholl & Murphy, 2014; Scholl, Shanley, Zegarra, & Coplen, 2009 ). Furthermore, it is possible to identify precipitation originating from recycling or evaporation of terrestrial sources (Gat, 2000) as well as the importance of recycled water to the overall water budget mainly controlled by soil and vegetation characteristics. Our study plots are arranged along an east-west and elevation transect (cf. Figure 1 and Table 1 ). For a detailed description of the respective habitats and vegetation zones of the research area, the interested reader is directed to Hemp (2006a Hemp ( , 2006b ). The general climatic and meteorological characteristics of the study area can be obtained in detail from . Figure 3 depicts seasonality of rainfall during the measurement period for each research plot.
| Precipitation mechanisms
At its latitude near the equator, Mt. Kilimanjaro (2°45′-3°25′S, 37°0′-37°43′E) is under the influence of the trade wind regime, which is affected by the movement of the intertropical convergence zone (ITCZ; Duane, Pepin, Losleben, & Hardy, 2008) . The temporal distribution of precipitation is governed by the north-south and south-north oscillations of the ITCZ, shaping a bimodal regime with two distinct rainy seasons, the more pronounced "long rains" from March to May and the "short rains" from October to December, which are generally centred around November but are more variable than the long rainy season. North-easterly trade winds are predominant during (austral) summer, when the ITCZ is located south of the equator.
South-easterly trade winds are produced by an ITCZ northwards of the equator, during (austral) winter (Duane et al., 2008) . One distinct dry season ranges from June to September, and a second short dry season from January to February (e.g., Hemp, 2005; Mölg, Hardy, Cullen, & Kaser, 2008; Otte et al., 2017) .
Interannual variability of the rainy seasons is caused by the El Niño Southern Oscillation and Indian Ocean Dipole .
Regarding total annual rainfall amounts, the northern slopes, on the lee side of the mountain, receive less rainfall (<1,000 mm) than the southern slopes (>2,500 mm; Hemp, 2005 Hemp, 2001) as illustrated in Figure 1b . The higher slopes above Figure 1b) . Mean annual temperatures are more influenced by diurnal variability than by seasonality (Duane et al., 2008) and range between 23 and 9°C along the elevation gradient.
3 | MATERIALS AND METHODS
| Sampling design
Cumulative precipitation sampling of rainfall, throughfall, and fog was conducted in weekly intervals for 2 years (November 2012 -November 2014 . In this study, the term precipitation will be used to address the combination of rainfall, throughfall, and fog, although for further discrimination each precipitation type will be designated individually. 
| Atmospheric water input and isotope quantification
In order to conduct cumulative weekly water quantification and stable isotope measurements, samples of each respective precipitation type were taken at every plot and stored in 50-ml polyethylene bottles, leaving no headspace-to prevent evaporation and consequent isotope fractionation-when precipitation quantity allowed. The amount of the respective precipitation was recorded at the same time. For the throughfall samples, the quantity of all 29 gauges per plot was measured, but water samples for subsequent isotope analysis were only collected from eight BiFCs per site. After precipitation sampling, all aliquots were stored in a refrigerator at 8°C in a local laboratory overnight. On the subsequent day, the rainfall, fog, and soil samples were refilled in 20-ml glass bottles with Polyseal cone liner screw caps. The use of open-air precipitation gauges raises the possibility of isotope fractionation processes due to evaporation during the storage interval of 1 week. To evaluate potential evaporation of our samples,
we assessed quality control testing in a field trial, namely, on savanna (Sav5), Ocotea forest (Foc6), and Erica forest (Fer0). We expected the highest evaporation losses on Sav5, the lowest and hottest study site, and the lowest evaporation at Foc6, where the highest precipitation amounts and relative humidity are recorded (cf. 
| Deuterium excess
The d excess was defined as
O by Dansgaard (1964) .
The values of deuterium excess (d excess) are a useful tracer of sources of atmospheric vapour, as they provide a measure for nonequilibrium conditions during source water evaporation in the source region, dependent on relative humidity (rH) and sea surface temperature.
Deuterium excess values >10‰ are attributable to either recycled vapour (re-evaporation from the land or canopy surface) or condensed water from vapour source regions where rH is significantly below 85% (Clark & Fritz, 1997; Merlivat & Jouzel, 1979) .
| Isotopic lapse rate
We calculated the isotopic lapse rate for rainfall and throughfall samples according to Poage and Chamberlain (2001) by plotting δ model (Draxler & Hess, 1998) . Modelling was conducted using the opentraj package (Thalles, 2014) for R statistical language. The wind fields were derived from the National Centers for Environmental Prediction and National Center for Atmospheric Research reanalysis dataset, which comes in a 2.5°spatial and 6-hr temporal resolutions.
Backward trajectories were calculated for each precipitation sampling date, encompassing 4 days (96-hr trajectory length), ending at 3,000 m above ground level. The end point of all back trajectories was the savanna research plot (Sav5) at the south-eastern slopes of Mt.
Kilimanjaro.
Nevertheless, due to the coarse resolution of the National Centers 
The GMWL represents the global average relationship between δD and δ 18 O in natural meteoric waters across a latitudinal gradient (Craig, 1961; Rozanski et al., 1993) . In the presented dataset, the 
Regarding annual mean values of each precipitation water type at the respective research plots (inset in Figure 2a) 
Considered individually, the LMWL of rainfall exhibits a lower slope but a higher intercept than did the GMWL. The LMWLs of Figure 4a ,c,e in rainfall) provide evidence for different moisture sources, which will be discussed later on.
| Temperature effect
In this study, the highest coefficient for oxygen-18 (slope of the δ Table 2 ). A significant negative correlation between annual mean δD and elevation exists in rainfall with δD rain = −0.75‰ × 100 m −1 (R 2 = .93), in fog with δD fog = −0.76‰ × 100 m −1 (R 2 = .87), and in throughfall with δD tf = −0.57‰ × 100 m −1 (R 2 = .93; cf. 1996) but shows a higher intercept, which is nearly identical to the intercept of the LMWL from Antananarivo, Madagascar (Rozanski et al., 1996) , δD = 8.06 (±0.18) × δ 18 O + 14.00 (±1.17). Generally, measured isotope values plot above the GMWL, but samples at the savanna site plot beneath the global regression line (cf. Figure 2) . As deviations from the GMWL are attributed to isotope fractionation processes (Gat, 1996) , data points that plot below the GMWL may indicate subcloud evaporation of precipitation. Lower relative humidity and higher air temperature in the savanna point to evaporation of raindrops between the cloud base and the ground.
Mean annual values (Figure 2a , inset) document heavier isotope values of fog compared to rainfall at all research plots, which is well in line with the literature (Scholl et al., 2011 , and studies therein).
This relative enrichment in heavy isotopes is a result of isolated generation processes of fog and rainfall (Scholl et al., 2011) .
Presumably, fog is predominantly formed orographically at the forested slopes of Mt. Kilimanjaro, due to a strong upslope moisture transport during the day (Duane et al., 2008) . Furthermore, annual mean values show an altitude gradient with most negative isotope values at the highest study sites. This may be a result of the decrease in temperature with altitude and the fact that heavy isotopes are removed progressively during condensation, causing the source vapour to become isotopically lighter (Dansgaard, 1964; Scholl et al., 2007) .
Most isotope values of throughfall are inside the range of rainfall and fog (cf. Figure 2a , inset) consistent with throughfall at the sites between 1,800 and 3,880 m a.s.l. altitude (the fog belt) as a mixture of rainfall (direct through canopy gaps and dripping from the canopy) and fog. About 35% of rainfall is lost in tropical forests (Molion, 1987) due to evaporation of canopy interception. In the situation where partly evaporated intercepted water (enriched in heavy isotopes) is flushed beneath the forest canopy, it contributes to heavier isotope values in throughfall compared to rainfall (Allen et al., 2017; Gat, 1996; Scholl et al., 2011) . Both processes may contribute to the throughfall being isotopically enriched compared to rainfall. Gat, 1996 , Gonfiantini et al., 2001 Scholl & Murphy, 2014) .
5.2
Precipitation in the greater Kilimanjaro region is strongly influenced by south-easterly (austral winter) and north-easterly (austral summer) trade winds. Higher δ
18
O rain values during the drier seasons are caused by orographic precipitation (generated by the uplift of local air masses by trade winds or local thermal effects), which has a relative isotopically enriched local vapour source and may be less affected by rainout as it condenses closer to the study area.
Precipitation related to ITCZ storms (regional moisture source) is isotopically lighter compared to locally generated orographic precipitation. The lighter isotope values during the rainy seasons are also an indicator for changing moisture source regions. As a second moisture source, strong upslope moisture transport during daytime was revealed at Mt. Kilimanjaro (Duane et al., 2008) , which may contribute to the observed isotope values as well.
The seasonal isotopic pattern observed in our study region is well in line with previous studies. Rhodes et al. (2006) observed similar results in a tropical montane forests in Costa Rica and linked the isotopic seasonality to different moisture sources, that is, depleted isotope values during the rainy season to storms caused by the ITCZ and more enriched values to orographic precipitation. The same phenomenon has also been observed in other regions, for example, over Europe (Rozanski et al., 1993) , over the continental United States (Welker, 2000) , and over west China (Liu et al., 2015) .
Additionally, HYSPLIT backward trajectories (Figure 7) show not only changing regional moisture sources during the year but also varying transport distances of atmospheric moisture during the 96-hr trajectories (Table 3) . During the short dry season (January to February), moisture originates from the north-easterly direction with a relatively short travel distance, which may result in less negative isotope values. During the long rains (March-May), the trajectory distances are longer and the source region follows the northward to southward migration of the ITCZ, which is observable in low Table 3 ; highest isotope values). Nevertheless, close to the onset (end of September) and during the duration of the short rainy season (lower isotope values), the Indian Ocean is the primary source region of moisture reaching the study area (Table 3) canopy interception or ponds, wetlands, and streams) makes an important contribution to the atmospheric water budget. Generally, d excess signal from reevaporated water is more trustworthy if the rH over various source regions is high and does not fluctuate greatly (Rhodes et al., 2006; Salati, Dall'Olio, Matsui, & Gat, 1979) . Globally, mean d excess for precipitation is~10‰, resulting from the assumption of single-stage evaporation from the oceans at averaged rH of 85% (Clark & Fritz, 1997; Merlivat & Jouzel, 1979) . show a strong seasonality, we think that the argument of moisture recycling is plausible (cf. Rhodes et al., 2006) .
| Amount effect
In tropical regions, the amount of monthly rainfall (e.g., Dansgaard, 1964; Rozanski et al., 1993) was found at many sites to be correlated with the rainfall δ
18
O and δD values. Gonfiantini et al. (2001) linked the rainy seasons of tropical precipitation to lower isotope values compared to the dry seasons. More recently, Lee and Fung (2008) hypothesized that heavy and long-duration rain events change the isotopic composition of water vapour below the cloud base. In contrast to former research, Scholl et al. (2009) as well as Permana, Thompson, and Setyadi (2016) showed that atmospheric temperature in high-reaching clouds is as equally important as rainfall amount in explaining isotopic composition of the majority of tropical convective precipitation.
Generally, the amount effect can be explained by several processes: (a) fractional removal of heavy isotopes by the condensate during continuing rainout, (b) isotopic equilibration of smaller raindrops with the enriched vapour below the cloud base, (c) below-cloud evaporation, and (iv) source vapour differences with altitude (Dansgaard, 1964; Rozanski et al., 1993; Stewart, 1975) . 
| Altitude effect
Uplift and cooling of air masses along mountain slopes cause the isotope altitude effect, which can provide useful information to, for example, delineate recharge areas of groundwater (Zakehm & Hafez, 2010) .
Decreasing air temperatures and rainout of heavier isotopes lead to lower isotope values in higher altitudes. We defined the first isotope altitude lapse rate for both δ , which is higher by a factor of 2.5 compared to our findings. They revealed no significant differences in isotopic lapse rates from most regions in the world, except for extreme latitudes and elevations >5,000 m a.s.l. (Poage & Chamberlain, 2001 ).
The isotope lapse rate in our research area may be a result of different proportions of precipitation from orographic processes (rain and fog) and regional convection, where the altitudes from 1,900 to 2,800 m a.s.l. receive most of the isotopically enriched orographic precipitation. observed effects from partial evaporation in an isotope study of throughfall in Southern Australia. Therefore, the relatively weak pronounced altitude gradient of throughfall in our study might be caused by fractionation processes from partial evaporation. Our findings of seasonal variations in isotope lapse rates (Table 2) are confirmed by Gonfiantini et al. (2001) and Peng et al. (2010) , who have also reported varying lapse rates according to seasonality. The typical seasonality of isotope lapse rates in the tropics is caused by the interactions between different precipitation sources (Peng et al., 2010) or by the rainout effect (Gonfiantini et al., 2001) . At the southern slopes of Mt. Kilimanjaro, the bimodal rainfall regime causes different isotopic lapse rates among dry and wet seasons.
We defined a linear altitude gradient of δ
18
O prec and δD prec values to compare our findings to those of other studies. Nonlinearity occurred in other studies (Rietti-Shati et al., 2000; Windhorst et al., 2013) in particular when the altitude effect was superimposed by local climate parameters or weather conditions, such as atmospheric convection (Rohrmann et al., 2014) or the trade wind inversion (Scholl et al., 2002) .
| CONCLUSIONS
Stable isotope analyses of δD and δ
18
O of weekly precipitation samples along an altitude gradient from 950 to nearly 4,000 m a.s.l. over 2 years provide an extensive dataset with detailed information about different precipitation types.
• LMWLs for rainfall, throughfall, and fog have been established from nine study sites ranging from 950 to 3,880 m a.s.l., which show a similar slope compared to the GMWL and African meteoric water line, but an increased intercept as well as higher d excess values, which are consistent with local moisture recycling..
• Regarding the three different types of precipitation-rainfall, throughfall, and fog-annual δ • The relationship between mean monthly isotopic composition
and rainfall and throughfall amounts shows relatively high variations for low rainfall amounts at higher altitude study sites.
Higher isotope values can be attributable to secondary isotope enrichment caused by below-cloud evaporation on the lower elevation research sites, where mean annual relative humidity does not exceed 65%, whereas on the higher elevation research plots, higher isotope values are assumed to be attributable to moisture recycling. Relatively low isotope values reflect larger storms, with rain becoming progressively depleted in the heavier isotopes due to rainout.
• The lapse rate of precipitation stable isotopes with elevation in our dataset is relatively less pronounced than the global average but reveals a distinct seasonality. This may be caused by two different moisture sources of precipitation: (a) local moisture recycling through high evapotranspiration rates of the forested slopes and (b) changing regional moisture sources caused by the annual migration of the ITCZ as observed by HYSPLIT backward-trajectory modelling.
The presented dataset provides a broad overview of the main characteristics of water stable isotope composition of precipitation at the southern slopes of Mt. Kilimanjaro. These data can be used to better characterize groundwater and surface water sources and availability to ecosystems and the people living in the investigated region and provide much-needed information on stable isotope characteristics of precipitation in equatorial Africa. Further studies could involve temporal high-resolution data (e.g., subdaily samples) of water and water vapour stable isotopes to identify different moisture sources, isotope fractionation processes, and the importance of recycled moisture more precisely in the study area.
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